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Intermediate filaments have been used as cell-
type-specific markers in differentiation and pa-
thology; however, recent reports have demon-
strated the coexpression of vimentin (a
mesenchymal marker) and keratins (epithelial
markers) in numerous neoplasms, including mel-
anoma, which has been linked to metastatic dis-
ease. To test the hypothesis that coexpression of
vimentin and keratins by melanoma cells contrib-
utes to a more migratory and invasive pheno-
type, we co-transfected a vimentin-positive hu-
man melanoma cell line, A375P (of low invasive
ability), with cDNAs for keratins 8 and 18. The
resultant stable transfectants expressed vimen-
tin- and keratin-positive intermediate filaments
and showed a two- to threefold increase in their
invasion of basement membrane matrix and mi-
gration through gelatin in vitrx These findings
were further corroborated by video cinematog-
raphy. During attachment and spreading on fi-
bronectin, the transfectants containing vimentin
and keratins 8 and 18 demonstrated an increase
in focal adhesions that stained positive for (1
integrin and phosphotyrosine, along with en-
hanced membrane ruffling and actin stressfiber
formation. From these data, we postulate that
coexpression ofvimentin and keratins results in
increased cytoskeletal interactions atfocal con-
tacts within extracellular matrices involving in-
tegrin cell signaling events, which contributes to
a more migratory behavior. (AmJ Pathol 1996,
14&63-69)
The functional role(s) of intermediate filaments (IFs)
is still unclear, particularly with respect to tumorigen-
esis.1-12 It has been suggested that IFs can act as
signal transducers, relaying information from the ex-
tracellular matrix (ECM) to the nucleus."3 Further-
more, there is prevailing evidence demonstrating
that the ECM can regulate gene expression and,
hence, modulate cellular function(s).14 Indeed, there
has been a plethora of case studies reporting the
phenomenon of keratin and vimentin coexpression in
a variety of neoplasms. Based on these indirect ob-
servations, it has been tempting to speculate that the
ability to coexpress vimentin and keratin IFs offers a
selective advantage to tumor cells in their interpre-
tation of cues from both mesenchymal and epithelial
matrices.
Classically, diagnosis of melanoma has relied on
the presence of several protein markers, including
vimentin.5 Although earlier studies emphasized the
use of IFs as cell-type-specific markers in patholog-
ical diagnoses, recent reports have demonstrated
the coexpression of vimentin and keratins in epithe-
lial and nonepithelial neoplasms.'-9 Specifically, our
laboratory and others have recently reported the
coexpression of vimentin and keratins 8 and 18 (in-
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dicative of simple epithelia) in melanoma to be as-
sociated with recurrent and metastatic disease.4 6
Although vimentin is expressed as a single filamen-
tous protein, keratins occur as heteropolymer
pairs.110 In a previous study, we attempted to dis-
rupt keratin filament formation in a highly metastatic
human melanoma cell line, which coexpressed vi-
mentin and keratins endogenously, by transfection
with a dominant negative mutant keratin 18 cDNA.4
The clones expressing this genetic mutation mani-
fested aberrant keratin IFs and showed a dramatic
reduction in invasive and migratory ability as well as
complete abrogation of metastatic potential. More-
over, in an experimental mouse L cell model, in
which only vimentin is expressed, we have tested the
invasive and migratory ability of clones co-trans-
fected with keratins 8 and 18 and found that the
resulting clones demonstrated a two- to threefold
increase in motility.15 Hence, in the present study,
we set forth to directly test our hypothesis that coex-
pression of vimentin and keratin IFs contributes to a
more invasive and migratory phenotype in tumor
cells. We have studied the possibility that this occurs
by modulation of cell shape and spreading ability in
vimentin-positive human melanoma cells that were
experimentally transfected to overexpress keratins 8
and 18 IFs. Furthermore, these novel observations
offer substantial evidence for a role of dual IF ex-
pression in tumor progression.
Materials and Methods
Cell Cultures
The A375P human melanoma cell line of low invasive
potential (kindly donated by Dr. I. J. Fidler),4 was
co-transfected with LK442-K8 and LK44-K18 (at a
ratio of 5:1) with Lipofection reagent (Gibco BRL,
Gaithersburg, MD). Plasmid LK422-K8 was used,
which contains a human keratin 8 cDNA under the
control of a human f3-actin promoter and a gene that
codes for Escherichia coli xanthine-guanine phos-
phoribosyltransferase as a selection marker. Plasmid
LK444-K18 has a similar construct, except that it has
human keratin 18 cDNA and a neomycin resistance
marker. LK444 vector, with the neomycin resistance
marker only, was used as a transfection control. The
transfected cells were selected with G-418 (Gibco
BRL) at 500 ,ug/ml to 1 mg/ml concentration. Subse-
quently, 24 colonies from the transfected A375P
cells (PK clones) and 25 colonies from the control
transfection (P-NEO clones) were selected for further
analysis. From these clones, PK-14 and PK3-10
showed the strongest level of expression for keratins
8 and 18 (by DNA slot blot analysis and immunoflu-
orescence microscopy; data not shown) and were
used in the remainder of the experiments in addition
to two P-NEO control transfectants (P-NEO-9 and
P-NEO-23). Cell cultures were grown in Dulbecco's
modified Eagle medium (DMEM), 10% fetal calf se-
rum (Collaborative Research, Bedford, MA), and 1
mg/ml G-418 and determined by the Gen-Probe
rapid detection system (Fisher, St. Louis, MO) to be
free of mycoplasma contamination.
Immunohistochemical Studies
Indirect immunofluorescence microscopy detection
of vimentin and keratin IFs was performed on PK-14,
PK3-10, and P-NEO clones seeded onto glass cov-
erslips to 70% confluence, rinsed in phosphate-buff-
ered saline (PBS), and then fixed in 100% cold meth-
anol for 5 to 7 minutes. Subsequently, the cells were
treated with mouse antibody to swine vimentin (V9;
Dako Corp., Carpinteria, CA) or mouse antibody to
human keratin 18 (CK5; Sigma Chemical Co., St.
Louis, MO) for 1 hour at room temperature, followed
by rinsing in PBS and incubation with the appropriate
secondary antibodies (conjugated to fluorescein or
rhodamine; Organon Teknika, Durham, NC) for 1
hour. Coverslips were then rinsed in PBS and
mounted onto a glass microscope slide with gelvatol.
All samples were observed with a Zeiss Axioplan
microscope, equipped with epifluorescence and au-
tomatic rhodamine and fluorescein filter sets. Photo-
graphs of control and experimental samples were
exposed for equal time by using the manual expo-
sure mode and Ilford 400 film (Mobberley, Cheshire,
UK).
For localization of F-actin, ,B1 integrin, and phos-
photyrosine, cells were pretreated for 3 hours with 25
jig/ml cycloheximide and then plated on coverslips
precoated with fibronectin (75 ,ug/ml; New York
Blood Center, New York, NY) in serum-free medium
with 25 ,ug/ml cycloheximide for 6 hours. Cells were
then fixed in 3.7% formaldehyde in Dulbecco's
PBS for 10 minutes, rinsed in 150 mmol/L NaCI,
0.1% NaN3, 50 mmol/L Tris-HC1, pH 7.6 (TBS),
and permeabilized for 5 minutes in TBS containing
0.5% Triton X-100 before staining for immunofluo-
rescence microscopy. Some coverslips were
blocked with 4% horse serum (Gibco BRL) in TBS
for 30 minutes at 37°C before incubations with anti-
bodies. Coverslips were then incubated for 30 min-
utes at 37°C with rhodamine-conjugated phalloidin,
(Molecular Probes, Eugene, OR), a monoclonal anti-
human ,B1 integrin antibody (Gibco BRL), or the anti-
phosphotyrosine antibody py2O (ICN Biochemicals,
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Figure 1. Inidirect i^ltn2nn)nfl7orescenice staining ofkeratins 8anzd l8and'vineniiii IFs in experimental(PK- 14) and control(P-NEO-9) tran4fectants.
PK-14 clone is positive. for keratins 8 anid 18 filaments (A) as well as vimenitini IFs (B). P-AEO -9 contr^ol cells, conztainintg the 1K444 vector with the
neomY)'cin re%sistanice marker 001).,1 are negativeJor keratinis 8 anid 18 (C) bht positivejbr ivimentin (D). Mfagnification, X 1200.
Costa Mesa, CA) in TBS with 4% horse serum. Cov-
erslips receiving py20 were then rinsed extensively
in TBS and stained with fluorescein-conjugated, af-
finity-purified goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories, West Grove, PA). After the
antibody incubations, the coverslips were washed in
TBS, rinsed in deionized water, and mounted with oil.
Cells were viewed on a Zeiss Axiophot microscope
equipped for epifluorescence and photographed
with T-max film (Eastman Kodak Co., Rochester,
NY).
Migration and Invasion Assays
Migration and invasion potential of vimentin-contain-
ing A375P wild-type human melanoma cells and P-
NEO-9 and P-NEO-23 control transfectants was
compared with vimentin and keratin 8- and 18-ex-
pressing experimental transfectants PK3-10 and PK-
14. Migration ability was measured with a modified
Boyden chamber (membrane invasion culture sys-
tem4). Cells (5 x 104) were seeded onto polycarbon-
ate membranes (Poretics Corp., Livermore, CA),
containing 10-,tm pores, coated with gelatin solution
(0.1 mg/ml gelatin in 0.02 mol/L glacial acetic acid).
After 6 hours of incubation at 370C, cells that had
migrated through the membranes were harvested,
stained, and counted. Migration potential was calcu-
lated as the percentage of cells harvested compared
with the total number of cells seeded, corrected for
standard error. (Duplicate experiments were per-
formed; n = 12 wells/condition.) Invasion potential
was measured as the ability of cells (1 x 105) to
invade Matrigel-coated (2 mg/ml) polycarbonate
membranes over 48 hours in the membrane invasion
culture system chamber; percent invasion was cal-
culated as described for migration studies. (Dupli-
cate experiments were performed; n = 12 wells/
condition.)
Migration rate(s) of P-NEO-9 (vimentin only control
clones) versus PK-14 (vimentin and keratin 8- and
18-containing transfectants) were determined by
videotaping on various substrata. Cells (1 X 104)
were seeded onto tissue culture plastic (Falconware,
Becton Dickinson, Lincoln Park, NJ), gelatin (0.1
mg/ml in 0.02 mol/L glacial acetic acid; Sigma), fi-
bronectin (Gibco BRL), or Matrigel16 (Collaborative
Research; 2 mg/ml)-coated coverslips in DMEM with
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Migration ability was measured using a modified Boyden
chamber (membrane invasion culture system4). Cells were
seeded on polycarbonate membranes containing 10-,um pores
and coated with gelatin solution (0.1 mg/ml gelatin in 0.02 mmol/L
glacial acetic acid). After 6 hours of incubation at 37°C, cells that
had migrated through the membranes were harvested, stained,
and counted. Migration ability was calculated as the percentage
of cells harvested compared with the total number of cells
seeded + standard error determined. (Duplicate experiments
were performed; n = 12 wells/parameter.) Invasion was measured
as the ability of cells to invade Matrigel-coated (2 mg/ml)
polycarbonate membranes over a 48-hour period in the
membrane invasion culture system chamber + standard error
determined. (Duplicate experiments were performed; n = 12
wells/parameter.)
*P < 0.05 compared with parental control.
tp < 0.001 compared with parental control.
10% NuSerum (Collaborative Research), and al-
lowed to grow for 24 hours at 370C. Cells were then
videotaped over a 24-hour period using a Zeiss Ax-
iovert 135 microscope equipped with a Focht's en-
vironmental chamber and Differential Interference
Contrast optics. Data reported are the average of
centroid movement (gm/hour) over the entire record-
ing period, which was determined from the inclusion
of a stage micrometer during the videotaping ses-
sion.
Statistical analysis of invasion and migration data
was performed using the statistical package of Mi-
crosoft's Excel spreadsheet program.
Results and Discussion
A375P cells were co-transfected with both cDNAs for
keratins 8 and 18. A DNA slot blot analysis of the
integration of the plasmid DNAs indicated that one
clone (PK-14) contained approximately 10 copies of
each plasmid, whereas other experimental clones
demonstrated a lower copy number of both cDNAs
(data not shown). Indirect immunofluorescence mi-
croscopy demonstrated that the PK-14 clone is pos-
itive for keratins 8 and 18 IFs (Figure 1A) as well as
vimentin (Figure 1B), both forming filamentous net-
works, whereas P-NEO control cells are negative for
keratins 8 and 18 (Figure 1C) but positive for vimen-
tin (Figure 1 D). Next, we analyzed the ability of these
cells to migrate (over 6 hours) through gelatin-
coated filters and to invade (over 48 hours) through
Matrigel-coated filters in an in vitro invasion as-
say.4 " As shown in Table 1, a greater than twofold
increase in migratory ability was seen for the trans-
genic expression in PK-14 and PK3-10 cells, as
compared with both P-NEO control transfectants and
the parent A375P cells. Moreover, a two- to threefold
increase in invasive ability was observed in the
PK-14 and PK3-10 cells as compared with controls.
To further analyze differences in migratory ability,
video cinematography was performed using an en-
vironmental chamber containing cells seeded onto
plastic substratum, gelatin, fibronectin, or Matrigel
matrices (Table 2). These data demonstrated the
rate of movement in microns per hour and further
corroborate the increased migratory ability of PK-14
cells over the control transfectants (P-NEO-9) on
three different ECM substrata. However, no signifi-
cant difference was seen between the migration
rates of control and experimental cells plated on
uncoated tissue culture plastic. These findings sug-
gest that differences in cell surface receptor interac-
tions with extracellular ligands may cause altered
migratory behavior in the keratin 8 and 18 transfec-
tants.
To examine differences in cytoskeletal organiza-
tion and ECM interactions between P-NEO and
PK-14 cells, we studied F-actin, (31 integrin, and
phosphotyrosine localization during cell adhesion to
fibronectin (Figure 2). These cells were pretreated
with and seeded in the presence of cycloheximide to
inhibit endogenous ECM protein synthesis. Immuno-
fluorescence staining demonstrated that control
transfectants exhibited a simple and peripheral actin
stress fiber pattern that contrasted with the complex,
plentiful array seen throughout most of the PK-14
cells. Phalloidin staining also revealed more mem-
brane ruffling in the cytokeratin transfectants. ,B1
Table 2. Migration Rate oni Difrrent Sub.strata Measured bv lVideo Cinematography
Plastic
P-NEO-9 6.51 + 0.58 (n = 9)
PK-14 5.01 + 0.52 (n = 1 1)
Gelatin
5.04 + 0.69 (n




4.80 + 0.71 (n




4.30 + 0.56 (n
1 1.54 +-- 1 .22* (n
Cells were seeded onto tissue culture plastic, gelatin, FN, or Matrigel (2 mg/ml)-coated dishes and allowed to grow for 24 hours at 37°C.
Cells were then videotaped for a 24-hour interval using a Zeiss Axiovert 135 microscope equipped with a Focht's environmental chamber
and DIC optics. Each tape was analyzed by tracing the centroid movement of all cells in a particular field (9 to 13 cells) at 30-minute
intervals. Data reported represent the average cell movement in microns per hour.
*P < 0.001 compared with sham transfected control (P-NEO-9).
11)
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Figure 2. Compailns on F-actin, (31 integrln, anldpbosphotl'ro.sine localization in P-NFO-9 antd PK-14 cells. Indirect immunofluorescence staining
w'a.s u.sed to v'isnalizefilamlenIlous actin strc.ssfibers (A and B). the (31 ilntegrin (C anid D). orphosphonlatcd tvrosinc(E and F) in control mnelanomai
cell tranlsctiants (P-NEO-9. A, C, an0( E) or in melanoma cells tran%/ected with cDNAs.for both keratins 8 anid 18 (PK-14, B, D, and F). Scale bar,
10 Atli.
integrin and phosphotyrosine were concentrated in
focal adhesions in both cell types; however, PK-14
cells revealed a greater number of focal adhesion
sites than P-NEO cells when stained for either /31
integrin or phosphotyrosine. Moreover, the focal ad-
hesions in PK-14 clones were seen at the ruffling
borders of spreading lamellae. Although interesting
and provocative correlations have been reported
linking vimentin and keratin coexpression with key
events during embryogenesis,17 invasion, and me-
tastasis,1-9 this is the first presentation of direct ex-
perimental evidence supporting the proposed coex-
pression hypothesis in tumor cells. This hypothesis
states that coexpression of vimentin and keratin IFs
by epithelial or nonepithelial tumors is advantageous
for migratory and invasive functions, due to unique
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interactions between cell surface receptors, the cy-
toskeleton, and ECM. With respect to potential inter-
actions between cells coexpressing these IFs and
the facilitation of movement across and through
ECMs, there is a growing body of evidence suggest-
ing that transmembrane integrins are the most likely
receptors to interact with IFs and their linking pro-
teins,18 in addition to mediating cell shape and
spreading.19 For example, ultrastructural evidence
exists for the association of fibronectin with cell
membrane complex and vimentin IFs in cultured fi-
broblasts.20 Moreover, ,B1 has been shown to be a
transmembrane/ECM mechanoreceptor, an integral
part of the "tensegrity network" contributing to cell
movement.21 Collectively, these data suggest a dy-
namic role for integrins in exchanging signals be-
tween the extracellular and intracellular compart-
ments via IFs.
Integrin-mediated signaling may have important
effects on cell adhesion and migration.2226 One
pathway of f1 integrin signaling involves the tyrosine
phosphorylation of focal adhesion proteins.27'28 We
found increased phosphotyrosine staining in f1 in-
tegrin-containing focal adhesions in the more motile
dual IF-expressing transfectants. This observation is
in concordance with the demonstration of increased
tyrosine phosphorylation in the focal adhesions of
migrating endothelial cells29 and with the attenuation
of motility seen in some cells after the inhibition of
focal adhesion formation.29'30 Furthermore, induc-
tion of epithelial tumor cell migration has recently
been associated with the pro-urokinase-mediated
phosphorylation of keratins 8 and 18,31 although
other kinases have been implicated in the phosphor-
ylation of keratin 18 with respect to filament reorga-
nization.32 Increases in tyrosine phosphorylation
during integrin-mediated cell adhesion have been
linked in other models with the phosphorylation of
focal adhesion kinase (or pp125).2833 It is therefore
interesting to note that elevated focal adhesion ki-
nase expression has been correlated with increased
invasive and metastatic behavior in a variety of tu-
mors in SitU.34 Obviously, additional study of integrin-
mediated signal transduction in the keratin transfec-
tants described here is needed.
At present, approximately 50 different IF proteins,
belonging to five major categories, have been iden-
tified. Although their exact function remains enig-
matic, defects in the genes encoding these proteins
have been shown to contribute to degenerative dis-
ease.35 Our study examined the structure-function
relationship between the coexpression of two of the
IFs, vimentin and keratins 8 and 18, with respect to
human melanoma cell migratory and invasive ability.
Additional investigation is needed to specifically ad-
dress the genetic regulation of this coexpression
phenomenon, which is important to our understand-
ing of IF function during critical events of cellular
differentiation.
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